ABSTRACT
INTRODUCTION
The availability of full genomic information (Goffeau et al., 1996; Blattner et al., 1997; The Arabidopsis Genome Initiative, 2001; Lander et al., 2001 ) facilitated the development and spurred application of multi-parallel techniques to monitor the cellular inventory. Functional assignment of novel and partially characterized genes will continue to be the most important goal in biological science (Wu et al., 2002; ShenOrr et al., 2002) . Modern functional genomics encompasses technologies designed for the systematic investigation of gene function at all levels of a living cell, namely the genome, the transcriptome, the proteome and the metabolome (Fiehn et al., 2000; Lockhart and Winzeler, 2000; Corbin et al., 2003) . The combined and multi-parallel analyses allow the investigation of complex biological processes at full systems level (Kitano, 2002) and may become the empirical basis of understanding the paradigm of life's complexity pyramid (Oltvai and Barabási, 2002) . A future task will be the discovery of functional interaction within and among the levels of the cellular inventory, e.g. among metabolome and transcriptome (Urbanczyk-Wochniak et al., 2003) , and to extend knowledge from an organism-specific level towards general, organism-independent principles (Oltvai and Barabási, 2002) . Hypotheses on units of genes with common function need to be associated with the currently available public knowledge of the complete cellular inventory. This information is made available in highly frequented but separate biological databases, which harbour genomic data (Mewes et al., 2004) , gene expression data (Sherlock et al., 2001) , information on protein properties (Schomburg et al., 2004) , metabolites and metabolic pathways (Kanehisa et al., 2004) . To gain insight into the functional organization of biological networks, specialized databases are required that are designed to store, handle, analyse and display the data derived from multiparallel measurements. The comprehensive systems-biology database (CSB.DB) was developed to integrate biostatistical analyses on multi-parallel measurements of different organisms, such as Escherichia coli, Saccharomyces cerevisiae and Arabidopsis thaliana. The present goal of CSB.DB is to present a publicly accessible resource for large-scale computational analyses on transcript co-response data, which mirror the large functional network of the cellular inventory and may serve as the basis for more sophisticated means of elucidating gene function.
PROJECT OVERVIEW
The main focus of the CSB project is the generation of easily accessible knowledge about apparent gene-to-gene interactions in sets and subsets of publicly available transcript profiling data. We implicitly make the assumption that common transcriptional control of genes is reflected in co-responding, synchronous changes in transcript levels (Steinhauser et al., 2004) . For future implementations, we will extend this concept to the interaction of genes with other elements of the cellular inventory, such as metabolites (Urbanczyk-Wochniak et al., 2003) . Currently, no public convention exists as to which numerical approach is best applied to detect and validate the co-response of changing transcript levels. For this reason, we integrated a range of different statistical and computational algorithms, which are routinely applied in various research areas, such as Pearson's correlation, Kendall's correlation, Spearman's correlation, Euclidian distance and mutual information. Furthermore, we selected a range of different datasets, which comprises three organisms and were generated by different microarray technology platforms. Thus, the user of our co-response calculations is free to test the results on different datasets and species.
The basic aim of the CSB project is to supply researchers in the field of systems biology, molecular and applied biology with statistical tools to access transcriptional co-response. We concentrate on the validation of gene co-response without requirement for the user to have a priori knowledge about statistical methods and computational algorithms. We decided to preferentially facilitate access for those biologists who are interested in a specific gene of interest or small sets of genes. In this sense, our approach is similar to simple BLAST searches (Altschul et al., 1990) of single or small number of genes. However, our approach towards the generation of novel functional hypotheses is based exclusively on simultaneous changes in transcript levels and does not require structural or sequence information.
IMPLEMENTATION AND STRUCTURE
CSB.DB is accessible via the Internet without the need to download special software to the client computer. The only system requirements are a JavaScript enabled recent web-browser and the ability to display PDF files. Only some advanced features require the JAVA extension. CSB.DB operates on a multiprocessor SuSE Linux (http://www.suse.de/de/index.html) system under an Apache web server (http://www.apache.org), and uses SAPDB (http://www.sapdb.org) as the database management system that stores the results of co-response analyses. CGI scripts, which connect the user queries with the database, are implemented in the PERL language (http://www.perl.com). The dynamic validation of discovered co-responses, graphical visualization as well as statistic algorithms, such as bootstrap and jack-knife analyses, are implemented as R (http://www.r-project.org) scripts, and can be invoked upon user selection to generate a PDF output. These files can be optionally downloaded by the user for further reference and documentation.
CSB.DB currently contains only co-response analyses, which are derived from publicly available expression profiling data. The calculated co-response data comprise pairwise gene correlations of three model organisms, namely E.coli (Steinhauser et al., 2004) , S.cerevisiae and A.thaliana (Fig. 1A) .
DATABASES AND QUERIES
Co-response calculations based on changes in mRNA levels are the basis of functional annotation in CSB.DB and extend conventional predictions of gene function by analysis of gene homology (Wu et al., 2002) . Publicly available expression profiles of various organisms represent a rich resource for cross-experiment co-response analysis of genes, but need to be critically appraised. We used transcript profiles that were quality checked according to the recommendations of the respective technology platform. Furthermore, we included only accurately measured gene spots for the assembly into multi-conditional expression data matrices. For example, our data matrices comprise approximately 20-50 independent transcript profiling experiments and contain only 5% missing values per gene. Besides quality checking and reduction in missing data, we chose two general strategies for combining transcript datasets prior to correlation analysis. (1) We selected representative transcript profiles of as many different experimental conditions as possible. This approach allowed the search for general, constitutive gene-to-gene correlations in each organism. (2) If available we selected subsets of only those profiles, which were generated in a single set of biological experiments or under common biological conditions. These datasets allowed investigations of conditional changes in gene-to-gene co-response as compared to constitutive coresponses. Correlations were computed with the cCoRv1.0 software (Steinhauser et al., unpublished data) and stored in organism specific co-response databases (Fig. 1A) .
Rank-ordered tables of pairwise gene correlations according to the selected correlation measure can be obtained using the single gene query option and using a selection of predefined ranking strategies (sGQ; Fig. 1B ). Similar to typical BLAST queries, sGQ allows to define a gene of interest and to retrieve all genes associated with co-response, if the gene of interest is represented among the set of quality checked genes. Moreover, the variant of sGQ made available for the Arabidopsis co-response databases allows to select filtering according to the functional categories, which were reported previously together with the visualization tool MapMan (Thimm et al., 2004) . The sGQ output (Fig. 1C) is presented as a HTML table, which contains the rank, the gene identifier of the co-responding gene, the correlation measure, the gene description, the number of pairs (n), the covariance (cov), the probability (P -value), the confidence interval (CI), the power, the mutual information [d(M), converted into distance range] and the normalized Euclidean distance [d(E)]. These statistical parameters are dynamically calculated based on the underlying test distribution of the respective pre-selected correlation coefficient (Sokal and Rohlf, 1995; Bonett and Wright, 2000) . Graphical summaries of the set of co-responding genes are based on various external functional classification efforts (Thimm et al., 2004; Peterson et al., 2001; Christie et al., 2004) and/or the text search of the returned gene annotations (Fig. 1C) . This survey of gene categories present in the hit list is presented below the sGQ table.
Upon user request, a detailed statistical analysis may be obtained for a selected gene pair of interest. This additional validation on demand supports the detection of experimental outliers, which may be associated with technical errors or with the specific nature of a biological experiment. For this purpose, a variety of graphical plots are offered (Fig. 1D) .
The multiple gene query option (mGQ) allows predefinition of up to 15 genes of interest and returns the complete set of available correlations among these genes. This option may be used to discover interdependences of genes, which are known to contribute to a common function or pathway. To visualize data, the interrelationship is also displayed as a coresponse network with extensive filtering and layout options in JAVA enabled browsers (Fig. 1C) .
Finally, an intersection gene query tool (isGQ) extracts those genes, which exhibit common correlations to at least two pre-defined genes of interest. The threshold settings, which are available for sGQ, may also be used for isGQ. The isGQ query may be used, if a few genes with a common function are already known. Using the intersection mode that allows to find novel genes, which may be involved in this function, but cannot be discovered based on sequence homology.
OUTLOOK
We named CSB.DB 'A Comprehensive Systems-Biology Database', because we are convinced that the interpretation of gene co-response, which we currently make available to potential users, will in future require the integration of additional public resources on the present knowledge of the cellular inventory. Upon starting to use external functional classifications of genes, which among others include pathway and enzyme information, we implemented first access in our database to functional gene annotations. Thus, we laid the ground to retrieve biochemical reactions from publicly accessible metabolite databases starting from the result lists of highly correlated genes.
In addition, we previously described that the combined correlation analysis of changes in metabolite and mRNA levels may be highly informative and provide novel information (Urbanczyk-Wochniak et al., 2003) . Therefore, we will proceed to integrate profiling experiments and datasets into our database, which comprise measurements of changes in metabolite and transcript levels. Starting to use the same principles, which we apply to discover co-response in transcript datasets, we hope to unravel novel interactions between transcripts and metabolites. Thus, we are convinced that CSB.DB will develop into a highly useful and informative public resource.
